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Abstract
The low energy excited 0+2,3 states in
96Sr are amongst the most prominent examples of shape coexistence across the nuclear
landscape. In this work, the neutron [2s1/2]2 content of the 0+1,2,3 states in
96Sr was determined by means of the d(95Sr,p) transfer
reaction at the TRIUMF-ISAC2 facility using the SHARC and TIGRESS arrays. Spectroscopic factors of 0.19(3) and 0.22(3)
were extracted for the 96Sr ground and 1229 keV 0+ states, respectively, by fitting the experimental angular distributions to DWBA
reaction model calculations. A detailed analysis of the γ-decay of the isomeric 0+3 state was used to determine a spectroscopic factor
of 0.33(13). The experimental results are compared to shell model calculations, which predict negligible spectroscopic strength for
the excited 0+ states in 96Sr. The strengths of the excited 0+2,3 states were also analyzed within a two-level mixing model and are
consistent with a mixing strength of a2=0.40(14) and a difference in intrinsic deformations of |∆β| = 0.31(3). These results suggest
coexistence of three different configurations in 96Sr and strong shape mixing of the two excited 0+ states.
Keywords: single-particle structure, transfer reaction, shape coexistence
Describing the shape evolution of atomic nuclei presents a
challenge to modern nuclear structure theory. The shape of the
nucleus is a result of a delicate interplay between macroscopic,
liquid drop-like and microscopic shell structure effects. Nuclei
with a closed shell configuration are spherical in their ground
states, but away from magic numbers deformed ground states
are observed. The degree of deformation results from the in-
teraction between protons and neutrons depend on the exact
occupation of single-particle orbitals near the Fermi surface.
Therefore, small changes in the nucleon number can lead to
rapid changes in both the magnitude and type of deformation.
One of the most dramatic examples is the region of neutron-
rich Zr (Z = 40) and Sr (Z = 38) isotopes. While the proper-
ties of Zr and Sr nuclei with N ≤ 58 indicate spherical ground
states, with the addition of just two neutrons the ground states
become strongly deformed for N = 60 and beyond. The nuclei
at this shape transition around N = 60 exhibit shape coexis-
tence [1] with low-lying excited deformed (spherical) states for
nuclei with N ≤ 58 (N ≥ 60). The sudden onset of defor-
mation in 100Zr has been explained by the strong residual in-
teraction between the proton-neutron spin-orbit partner orbitals
pi[0g9/2] and ν[0g7/2]. While in an independent particle picture
the pi[0g9/2] orbital is completely empty in Zr, adding neutrons
to the ν[0g7/2] orbital enables the promotion of protons from
the lower lying orbitals to the deformation-driving pi[0g9/2] or-
bital [2, 3]. The resulting sudden transition from spherical to
deformed ground states and the emergence of shape-coexisting
states in the vicinity of N = 60 and Z = 40 has been a subject of
considerable interest for many years, both theoretically [2–21]
and experimentally [22–29].
In Sr, the shape transition is evident through measurements
of binding energies [30], charge radii [23], excitation energies
and quadrupole transition probabilities of low-lying states [24,
27, 28]. Low-lying 0+ states with strong electric monopole (E0)
transitions between them indicate the coexistence of states with
different intrinsic deformations or the occurrence of strongly
mixed configurations [31]. In 96Sr (N = 58) the low-lying 1229
and 1465 keV 0+2,3 states are associated with shape-coexistence,
as evidenced by the very strong monopole transition strength
ρ2(E0) = 0.185(50) [32] between them. However, the mea-
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sured lifetimes and extracted E0 and E2 transition strengths for
the decay of the 0+2 and 0
+
3 states do not allow the conclusive
determination of the mixing amplitudes between the two ex-
cited 0+ states or their relative deformation. The spectroscopic
quadrupole moments of the 2+1 state in
96Sr and the 2+2 state
in 98Sr were found to be very similar [27, 28], indicating that
these states possess similar underlying structure. The mixing of
the two coexisting shapes in 98Sr is weak despite their proxim-
ity [26, 27].
Several theoretical studies have provided information on
electromagnetic transition probabilities in 96Sr. The low-lying
0+ states in 96Sr have been studied using the complex excited
VAMPIR method with a realistic effective interaction in a large
model space [20]. In that work, the lowest three 0+ states were
associated with triple shape coexistence of spherical, prolate,
and oblate configurations. However, the strong E0 transition
between the 0+2 and 0
+
3 states in
96Sr was not reproduced. The
beyond mean field calculations with the Gogny D1S interac-
tion of Refs. [27, 28] predict two excited bands in 96Sr with
only moderate deformation but substantial triaxiality. Recently,
Monte-Carlo shell model calculations in a large model space
were able to reproduce the energy levels and B(E2) values of
low-lying states in the Zr isotopic chain [21]. When extended
to the Sr isotopes [29], these calculations describe well the level
schemes and B(E2) values of 94Sr and 98Sr but predict already
substantial deformation for 96Sr. For all these theoretical cal-
culations the agreement with the experimental information is
much better in 98Sr and 98Zr than 96Sr.
In this Letter, we report on the first investigation of the low-
lying 0+1,2,3 states in
96Sr through the d(95Sr,p) transfer reaction
at 5.5 AMeV in inverse kinematics, providing crucial insights
into the shape mixing and differences in deformation of the co-
existing shapes in 96Sr. In contrast to the experimental work
performed to date, we investigate the shape transition in 96Sr
from a different perspective and study the single-particle prop-
erties. Since the 95Sr 1/2+ ground state is dominated by the
[2s1/2] spherical single particle configuration, as we demon-
strated in the present experimental campaign [33], the ` = 0
transfer in the d(95Sr,p) reaction probes the component of the
[2s1/2]2 configuration in the 0+ state wave functions. Our work
allowed for the first time to establish the mixing between the
different shapes in 96Sr. The results indicate a strong mixing
of the two excited 0+ states while the weak population of the
grounds state hints to the coexistence of three shapes in 96Sr.
The present experiment was performed at the TRIUMF-
ISAC2 facility [34] where a 95Sr beam was produced by im-
pinging a 480 MeV proton beam with an intensity of 10 µA
on a UCx target. The neutron-rich Sr isotopes were produced
through uranium fission, were laser ionized, mass separated and
transported to a charge state booster [35]. The beam (Q=16+)
was transported to the ISAC2 facility where its kinetic energy
was increased to 5.5 AMeV using the superconducting linear
accelerator [34]. The post-accelerated 95Sr beam was deliv-
ered for approximately 2.5 days with an average intensity of
1.5 × 106 particles per second. The beam impinged upon a
0.44(4) mg/cm2, 92(1)% deuterated polyethylene (CD2) target,
mounted in the centre of the SHARC silicon detector array [36].
SHARC (Silicon Highly-segmented Array for Reactions and
Coulex) is a compact arrangement of double-sided silicon strip
detectors which is optimized for high geometrical efficiency
and excellent spatial resolution, with ∆θlab ≥ 1◦. The SHARC
array was surrounded by the TIGRESS γ-ray detector array,
with 12 HPGe Compton-suppressed clover detectors arranged
in a compact hemispherical arrangement with approximately
50% of 4pi geometrical coverage [37]. The beam composition
was measured periodically throughout the experiment using a
Bragg ionization detector [38], which was positioned adjacent
to the TIGRESS experimental station. The composition of the
A = 95 beam was 95(3)% 95Sr.
The excitation energy of states in 96Sr populated through
the d(95Sr,p) reaction was determined by measuring the pro-
ton energy and scattering angle. Figure 1 shows two recon-
structed 96Sr excitation energy (Ex) spectra produced using only
data from backwards laboratory angles (θlab > 90◦) as the ex-
citation energy resolution is improved in this angular range.
The direct population of the 0+1
96Sr ground state is clearly
visible while the large β-decay background (from accidentally
stopped 95Sr) and density of states made it impossible to re-
solve higher lying states. Excited states were thus identified
using the de-excitation γ-ray in addition to an Ex gate. A γ-ray
gate on the 414 keV 0+2 → 2+1 transition was used to produce
the γ-ray efficiency-corrected excitation energy spectrum (open
points). In this spectrum, the 1229 keV (0+2 ), 1465 keV (0
+
3 )
and 2084 keV (1+, 2+) 96Sr states could be resolved using a fit
(blue dashed lines) that utilized a fixed resolution (FWHM =
425 keV), determined from the ground state, and the known
excitation energies of the states. Figure 2 shows the Doppler-
Figure 1: Excitation energy spectrum of 96Sr obtained from energies and an-
gles of protons emitted at backward laboratory angles. The total spectrum
(filled points) includes the information from all measured protons in the angular
range θlab > 90◦ while the gated spectrum (open points), corrected for the ef-
ficiency of TIGRESS, is additionally gated on coincident 414 keV γ-rays from
the 0+2 → 2+1 transition. The fits (red solid lines) include peaks (blue dashed
line) corresponding to the 0 keV (0+1 ), 1229 (0
+
2 ), 1465 (0
+
3 ) and 2084 keV
(1+, 2+) 96Sr states, as well as a continuous background for the total spectrum.
Note that for the 0+3 state the γ-ray detection efficiency is lower due to the
6.7(10) ns half-life and the 38% branching ratio to the 0+2 state [39].
reconstructed γ-ray energy spectrum for TIGRESS detectors
positioned at backward angles (θlab > 120◦) in coincidence with
protons. An excitation energy gate of 800< Ex <1900 keV was
utilized to include protons associated with the direct population
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of the 1229 keV (0+2 ) and 1465 keV (0
+
3 ) states.
For the Doppler reconstruction, the γ rays were assumed
to be emitted at the center of the target. This is not correct
for the 650 keV transition from the long-lived (6.7 ns [39])
1465 keV 0+3 state, which decays outside the target. By us-
ing only the most backward TIGRESS detectors a reasonably
narrow Doppler-corrected peak could be achieved for this tran-
sition, since here the difference between the real emission angle
of the γ ray and the angle assumed for the Doppler reconstruc-
tion is sufficiently small even for a relatively long-lived state.
This allowed for a clear identification of this transition, despite
the reduced γ-ray detection efficiency. The cross-section for
Figure 2: γ-ray energy spectrum coincident with 96Sr states in the range 800
< Ex < 1900 keV. Only TIGRESS detectors positioned at θlab > 120◦ were
used. Transitions marked with a star are from the decay of the 1507, 1995,
2084 and 2113 keV states which were partially included in the excitation energy
gate. These states will be discussed in detail in a forthcoming publication. The
transition marked with a triangle could not be identified. A partial experimental
level scheme is shown on the right, including only states and transitions relevant
for this work as well as the 235 keV E0 transition.
the population of the 1465 keV 0+3 state was determined using a
relative γ-ray intensity analysis between the 650 keV 0+3 → 2+1
line and the 414 keV 0+2 → 2+1 line (Figure 2). The experi-
mentally observed yields for these transitions were compared
to a detailed Geant4 [40] simulation of the decay of the 1229
and 1465 keV states, taking into account the TIGRESS geome-
try, attenuation of γ-rays in the SHARC chamber and beam-line
material, the kinematics of the recoiling 96Sr nucleus (β ≈ 0.1)
and the known half-lives and decay branching ratios of the two
states. From the ratio of the number of measured γ rays it was
deduced that the relative population strength of the 1465 keV
state compared to the 1229 keV state is 1.50(52).
Figure 3 shows the experimental angular distributions for
the 0+1,2
96Sr states compared to distorted wave Born approx-
imation (DWBA) and adiabatic distorted wave approximation
(ADWA) calculations that were carried out using FRESCO [41].
For the DWBA calculations, the optical model (OM) param-
eters were optimized using the elastic scattering angular dis-
tributions for d(95Sr,d) and p(95Sr,p), the data for which were
acquired simultaneously with d(95Sr,p). For d(95Sr,d) the OM
parameters of Lohr and Haeberli [42] were used, with slight
adjustments to better reproduce the elastic scattering data. The
p(95Sr,p) data was dominated by pure Rutherford scattering and
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Figure 3: Fit of DWBA (blue) and ADWA (green) calculations to experimental
data for the 96Sr 0+1 ground state (a) and 1229 keV 0
+
2 state (b). For the de-
termination of the spectroscopic factors only the forward center-of-mass angles
θcm < 45◦ were considered.
was, within uncertainties, not sensitive to different OM param-
eters. These calculations also provided the normalization of the
cross section. The analysis procedure of Wilson et. al. [43] was
followed, and further details will be provided in a forthcoming
publication [33]. For the ADWA calculation global nucleon-
nucleus OM parameters from [44] were used. The calcula-
tions (Figure 3) model the d(95Sr,p) reaction as a single-step
process where the transferred neutron populates the ν2s1/2 or-
bital via pure ` = 0 angular momentum transfer. The ADWA
calculations better reproduce the data at large scattering angles
where deuteron breakup is expected to affect the transfer cross
section. The spectroscopic factors C2S are determined as the
ratio of experimental to reaction model cross section, the fits
were restricted to the forward angles θcm < 45◦. For the trans-
fer to the 0+1,2
96Sr states the spectroscopic factors amount to
C2S = 0.19(3) and 0.22(3), respectively, for the DWBA and
0.15(3) and 0.19(3) for the ADWA calculations. The spectro-
scopic factor uncertainties include both statistical and system-
atic contributions related to the normalization of the data. Ad-
ditional uncertainties for the absolute value of the spectroscopic
factors arise from the choice of the reaction model and the
optical model potential parameters especially for the DWBA.
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Based on the comparison of the two reaction models and var-
ious sets of optical model parameters these amount to 20 %.
For the relative spectroscopic factors of the 0+ states used to
extract their mixing strength these uncertainties cancel. The in-
clusion of multi-step processes through coupled channels cal-
culations leads to a slightly better description of the differential
cross section, at the expense of additional unconstrained param-
eters. Complete and detailed coupled-channel calculations are
beyond the scope of the present work. To estimate the con-
tribution, the inelastic excitation of 95Sr was taken into account
through an effective deformation length. A value of δn = 1.1 fm
reproduces the measured (d, d′) cross section and is consistent
with the spherical nature of 95Sr determined from the charge ra-
dius [23] and the neighboring 94,96Sr [28, 29]. Changes to the
spectroscopic factors are less than 10 % and do not alter the
conclusion presented in the following.
It was not possible to extract an angular distribution for the
1465 keV 0+3 state due to low statistics. However, from the
analysis of the relative population strength discussed above, the
spectroscopic factor for the 1465 keV state could be deduced
to be 0.33(12) or 0.29(13), for DWBA and ADWA calcula-
tions, respectively. The relative spectroscopic factors used in
the discussion below are not affected by the choice of the re-
action model and the systematic uncertainties arising from the
normalization of the cross section.
The relative strengths of the 0+2,3 states in
96Sr were inter-
preted using a two-level shape mixing model. The 0+1 ground
state of 96Sr was excluded from the mixing model analysis as
the mixing of this state with the excited 0+2,3 states is expected
to be negligible. This is evidenced by the fact that no E0 tran-
sitions between the excited 0+2,3 states and the 0
+
1 ground state
of 96Sr were reported in the work of Jung [45]. This assump-
tion is also supported by the recent Coulomb excitation data and
beyond mean field calculations reported by Cle´ment et al. [27,
28]. Using the two-level mixing model, the monopole transition
strength between the 0+2,3
96Sr states is related to their mixing
strength a2 and intrinsic quadrupole deformations β by,
ρ2(E0) =
( 3
4pi
)2
Z2a2(1 − a2)[∆(β2)]2 (1)
where Z is the atomic number [31]. In the case where the un-
mixed states are a spherical configuration 0+sph (βsph = 0) and
a strongly deformed configuration 0+def (with βdef), the differ-
ence in (squared) deformation between the configurations is
∆(β2) = β2def. The wave functions of the 0
+
2,3 states in
96Sr
would therefore be
∣∣∣0+2 〉 = a ∣∣∣∣0+sph〉 + √1 − a2 ∣∣∣0+def〉 and ∣∣∣0+3 〉 =√
1 − a2
∣∣∣∣0+sph〉−a ∣∣∣0+def〉, respectively, with the mixing amplitude
a. Given that the ground state of 95Sr has a nearly spherical
shape [23], a substantial re-arrangement of the valence nucle-
ons would be required in order to directly populate a strongly
deformed configuration in 96Sr through a single-step transfer
reaction such as (d,p). It is therefore assumed that there was
negligible direct population of the deformed configuration, 0+def,
in this experiment and so the strength of the 0+2,3 states in
96Sr
is a direct measure of the 0+sph content of the excited 1229 and
1465 keV state wave functions. The ratio of the spectroscopic
factors of the 0+2 and 0
+
3 states in
96Sr is therefore equal to
1−a2
a2 , giving a
2 = 0.40(14). This result is independent of the
reaction model choice as the ratio is determined by the ratio
of cross sections with a dynamical correction accounting for
the difference in excitation energy. By combining the known
value of ρ2(E0) with our experimental constraint on the mix-
ing strength a2, equation 1 was used to determine the absolute
value of βdef = 0.31(3). In this strong mixing scenario the in-
teraction strength between the 0+2,3 states in
96Sr is 113 keV and
the energies of the unmixed 0+def and 0
+
sph states are 1314 and
1380 keV, respectively. It is interesting to compare these re-
sults to the shape coexistence in neighboring 98Sr. Here, the 0+2
state is situated only 215 keV above the ground state and a two-
level mixing model resulted in only a weak mixing between the
coexisting states [26, 28]. As a result, the 98Sr 0+1 ground state
is strongly deformed whereas the excited 0+2 is nearly spherical.
The weak mixing also implies a surprisingly small interaction
strength between the unmixed configurations of only ≈ 10 keV.
The strongly populated 2084 keV state (Figures 1 and 2),
has a 51 % branching ratio via the 855 keV transition to the
1229 keV 0+2 state relative to the 2084 keV ground state transi-
tion. Using the 0+2,3 mixing strength of 0.40(14) one can calcu-
late the expected branching ratio for the 2084 keV to 1465 keV
0+ state transition if we assume that the transition rate to the
unmixed 0+def is negligible. Based on this, the branching ratio
for this 619 keV transition is expected to be 57+51−25 (30
+27
−13) %
relative to the 2084 keV ground state transition within 1σ un-
certainties, assuming that the 2084 keV state has a spin and
parity of 1+ (2+). No measurement of this transition has been
reported [39] and it was not observed in the present experi-
ment. Thus, the observation of the 855 keV transition and the
non-observation of a hypothetical 619 keV indicates that the
1229 keV state contains a larger component of the 0+sph config-
uration than the 1465 keV state (a2 > 0.5). At the same time
the E0 and E2 branching ratios and the very different half-lives
of the isomeric 1465 keV state and the 1229 keV state favor
a2 > 0.5 as well.
Shell model calculations were carried out using NushellX [46],
employing the glek interaction [47]. The model space com-
prises of the proton f pg9/2 and neutron gds orbitals. The two-
body matrix elements are obtained from G-matrix calculations
with some modifications to better describe the Y and Zr nu-
clei [47]. For the calculations presented here, the single-particle
energies were adjusted to reproduce low energy states for odd
mass nuclei in the vicinity of Z = 40 and N = 58. States in
95,96Sr and spectroscopic factors for d(95Sr,p) were calculated
using several different valence spaces to investigate the influ-
ence of the various proton degrees of freedom. For the neutrons
an inert N = 50 core was assumed and the valence space in-
cluded the ν[2s1/2], [1d3/2], [1d5/2], and [0g7/2] orbitals. Calcu-
lations were carried out separately using three different proton
valence spaces. In valence space a©, the protons are required to
be inert in a pi[1p3/2]4 configuration. In valence space b©, pro-
ton excitations into the nearby pi[1p1/2] orbital are allowed. Fi-
nally, valence space c© further expands the proton valence space
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to include the pi[0g9/2] orbital by allowing for two additional
proton excitations across the Z = 40 sub-shell gap. The occu-
pancy of the pi[0g9/2] orbital was restricted to two protons due
to computational limitations. Table 1 compares the experimen-
tal spectroscopic factors for the 0+ states with those predicted
by the shell model calculations for the three different configura-
tion spaces. The experimental value for the unmixed 1380 keV
0+ state shown in Table 1 corresponds to the total excited 0+sph
spectroscopic factor, the sum of the experimental spectroscopic
factors for the 0+2,3 states. The shell model calculations predict
a much larger neutron ν[2s1/2]2 component for the ground state
than the excited 0+ state while experimentally the opposite is
observed. Including the pi[0g9/2] proton configuration in the
shell model calculations only slightly increases the population
of the excited 0+ state, while dramatically lowering its energy
(see Table 1). Experimentally, about half of the overall pre-
dicted ν[2s1/2]2 strength is observed in the low-lying 0+ states.
The present shell model interactions and single-particle ener-
gies also describe well the experimental spectroscopic factors
for the low-lying states in 95Sr populated via the d(94Sr,p) re-
action, carried out as part of the same experimental campaign.
For the 1/2+ ground state of 95Sr a C2S = 0.45 (for valence
space b© which described best the excitation energies) is pre-
dicted while the measurement using the same analysis as pre-
sented here results in C2S = 0.41(9). Further results on the
d(94,95Sr,p) reactions will be reported in a forthcoming publica-
tion [33].
These results show, that while the 94,95Sr nuclei as well
as the strongly deformed 98Sr nucleus can be described rather
well using shell model [29, 33] and beyond mean field calcula-
tions [27, 28], 96Sr at N = 58, just before the shape transition,
has a much more complicated structure. The present transfer re-
action study enables to selectively populate the spherical com-
ponent of the 0+ states in 96Sr. The spherical component is
found mainly in the strongly mixed excited 0+ states. The mix-
ing ratio was determined for the first time in the present study.
The ground state on the other hand is only weakly populated in
the d(95Sr,p) reaction suggesting a triple shape coexistence in
96Sr with a (weakly) oblate or triaxial ground state.
In summary, we have measured the population of low-lying
states in 96Sr via the d(95Sr,p) reaction at 5.5 AMeV. The results
show a surprisingly strong population of an excited spherical
configuration in 96Sr, which itself is strongly mixed with a de-
formed (β = 0.31(3)) configuration, giving rise to two 0+ states
at 1229 and 1465 keV. Owing to the almost pure ν[s1/2] ground
state configuration of the 1/2+ ground state in 95Sr, the (d,p)
transfer is mostly sensitive to the ν[s1/2]2 configuration in the
final 0+ state. Contrary to the experimental data, shell model
calculations using a constrained model space predict a predom-
inant ν[s1/2]2 configuration for the 96Sr ground state. This sug-
gests the occurrence of three distinct shapes in 96Sr. Clearly,
more extensive theoretical studies are required to gain better in-
sights into the single-particle wave functions in the Sr isotopes
in this context. Extensions of the work carried out for the Zr iso-
topes with large scale shell model calculations [15] and Monte
Carlo Shell Model calculations [21], as well as further devel-
opments of the beyond mean field calculations [14, 16, 27, 28],
will be of interest.
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